Introduction
Environmental variables have been shown to exert a substantial influence on ecosystems, communities and populations. 1, 2 Of the various climate-driven selective pressures that operated during the evolutionary history of Homo sapiens in Africa, negotiating the risks and benefits of persistent exposure to sunlight presented an enduring challenge. Most important in terms of human health are longwave ultraviolet A (UVA) (400-315 nm) and medium-wave ultraviolet B (UVB) (315-280 nm) radiation. 3 Excessive UVA exposure results in DNA damage, skin aging and mild erythema, whereas UVB is responsible for sunburn with subsequent DNA damage and skin cancers. Shortwave UVC (280-200 nm) is potentially the most dangerous type of UV radiation (UVR) for humans, but is largely absorbed by the ozone layer. 4 Sunlight is an essential environmental factor in most ecosystems and the beneficial effects of moderate exposure to sunlight are well known. 5 Positive correlations exist between adequate UVR exposure, vitamin D synthesis, calcium absorption and human fertility. 6 Vitamin D (1.25 dihydroxyvitamin D 3 ) in turn reduces the incidence of rheumatoid arthritis, coronary heart disease, diabetes, multiple sclerosis, osteomalacia, rickets, schizophrenia, autoimmune diseases and also several types of cancer. 7 Conversely, excessive UVR exposure can lead to malignant skin diseases including cancer and mitochondrial (mtDNA) and nuclear (nDNA) molecule damage. 8, 9 It has furthermore been proposed that excessive UVR may have had far-reaching effects on mammalian evolutionary processes. UVR has been implicated in several extinction events, including the disappearance of megafauna during the late Pleistocene 10, 11 and the extinction of a number of hominin species 12, 13 . These hypotheses are difficult to test because of the uncertainties concerning the dating of extinction events and in calculating the impact of UVR changes at different latitudes and among different populations. The absence of the MC1R gene variant (R307G) in analysed Neanderthal and Denisovan genomes further indicates that extensive variability in skin colour existed among archaic hominids, and that at least some of these individuals had darker and therefore more UVR-resistant skin tones. 14, 15 Fluctuations in UVR may nevertheless have generated a selective pressure on human populations, which could have influenced the life expectancy, particularly in the case of colonisation of different territories or altitudes within a given region, of at least some individuals within such populations.
Ultraviolet radiation protective mechanisms
Several theories have been proposed to explain the variation in human skin pigmentation. 16, 17 At present, the most widely accepted factor explaining the geographic distribution of autochthonous human skin pigmentation is UVR exposure. 18 Evidence for natural selection operating at low latitudes (establishing and maintaining dark pigmentation under high UVR conditions) and high latitudes (which favours the development of light pigmentation under low UVR conditions), suggests that human skin colouration is a Darwinian adaptation. 7, 16 The gradient of skin colours observed from the equator to the poles consequently results from two clines operating over a spatially varying optimum of UVR distribution. 19 The association between skin pigmentation in indigenous populations and latitude is therefore traceable to the correlation between skin colour and the intensity of UVR exposure.
That darker skin pigmentation conferred significant adaptive benefits is confirmed by the preservation, amongst modern human populations, of the MC1R, SLC45A2 and 70 other genetic mutations at loci implicated in pigment production. 17, 20 Unlike SLC45A2, which occurs only amongst Europeans, the SLC24A5, TYRP1 and KITLG mutations are present in a number of sub-Saharan populations. Although these alleles in all probability arose within and spread from Africa during early modern human migrations, some may result from a series of admixture events with groups containing Eurasian genetic ancestry. 21 In behavioural terms, cultural innovations seeking to reduce the impact of UVR, such as the topical application of powdered clays including ochre, could also have reduced the pressure induced by increasing exposure to UVR. Changes in climate and ecology have been shown to provoke speciation and extinction 22 and it has been proposed that these may have acted as selective pressures for enhanced cognition 23, 24 . Given that darker-skinned individuals are also susceptible to the harmful effects of UVR, 19 the development of effective sun-protection strategies may have been essential in prehistory.
Ochre as a sunscreen
Ochre is a pervasive artefact in historical, Iron Age, Later Stone Age (LSA) and Middle Stone Age (MSA) contexts throughout southern Africa. The term 'ochre' is widely used by archaeologists to designate any earthy materials comprising anhydrous iron (III -ferric or Fe 3+ ) oxide such as red ochre (which includes unhydrated haematite or Fe 2 O 3 ) and partly hydrated iron (III) oxide-hydroxide such as brown goethite (FeO(OH)). 25, 26 The habitual exploitation of red ochre by H. sapiens has been interpreted as evidence for colour symbolism 27 , as a proxy for the origin of language 27, 28 and as an essential element of symbolic and fully modern human behaviour 29, 30 . Although the collection and processing of ochre is not limited to our species 31, 32 , the routine exploitation of red ochre may represent a species-specific behavioural trait for H. sapiens 27, 28 .
There is sufficient archaeological evidence for the use of red ochre as a body cosmetic during the MSA. Examples comprise the adherence of red ochre residues to perforated marine shell beads derived from African MSA and Levantine Mousterian contexts dated from 92 000 years ago (ka) to 60 ka. [32] [33] [34] As strung beads are generally worn around the neck or wrists, 35 these residues almost certainly derive from direct contact with red pigments applied to human bodies. But because evidence regarding the exact motives for red ochre exploitation during the MSA and LSA is not freely available, diverse interpretations for its usage have been proposed. The most familiar explanation concerns the use of red ochre as a body decoration in largely symbolic contexts. 27 In the absence of direct evidence, this inference is based largely on an analogy with modern hunter-gatherer societies. 36, 37 Red ochre was also used as a constituent in paint 38 , for knapping stone implements 39 , as an element in lithic hafting mastics 40 and possibly as a hide-processing ingredient 41 .
Ethnographic accounts illustrating the use of red ochre as a cosmetic substance have been reported for southern African San huntergatherers 37 , Tswana 36 and Xhosa 42 agro-pastoralists and also Khoe pastoralists 43 . While these examples relate largely to the intermittent topical application of red ochre in symbolic contexts, foremost modern examples of the habitual use of red ochre as a body cosmetic comprise the Cushitic-speaking Hamar in Southern Ethiopia 44 and the Ovahimba of northwestern Namibia (Kunene Region; Figure 1 ) and southwestern Angola (Kunene and Namibe Provinces) 45, 46 .
Ovahimba women are renowned for covering their bodies, hair and personal attire with a red ochre-based substance ( Figure 2 ). This substance is known as otjise and is comprised of clarified butter (omaze uozongombe) and red (otjiserundu) ochre powder. Ochre powder is produced by crushing and grinding ochre chunks between round upper and flat lower grinding stones. Clarified butter is produced by shaking cream-rich milk in a Lagenaria sp. calabash gourd to separate fatty substances from the watery solution. The extract is boiled in an iron pot above an open fire and the resultant greasy substance is recovered and stored. Whereas ochre processing forms part of the sociable settings of daily life, the application of otjise occurs in the confines of women's huts. Otjise also features prominently in initiation ceremonies, is applied by men when they are to be wed or undertake long journeys and is applied to human corpses prior to interment. 45, 47 Ethnographic interviews recently conducted amongst the Ovahimba furthermore reveal that, besides the intrinsic social and inexorably symbolic significance of otjise, it also fulfils several secondary functions, including that as a topical sun-protection element or sunscreen.
Materials and methods

Ochre
We used 24 ochre samples derived from ethnographic and nonarchaeological geological sources likely to have been exploited during the MSA. Of these samples, 12 were collected from the Okamanga, Half of these samples (Samples 1-6) were processed into powder by Ovahimba women. Samples 7-12 were acquired in Opuwo and were processed experimentally by direct grinding onto a coarse quartzite stone surface. This method closely resembles the technique used to produce ochre powder during the MSA. 48 Informed consent was obtained from all research participants and the principles of the Declaration of Helsinki were strictly adhered to. Ochre Samples 13-24 -comprising yellow, grey and red specimens -were collected from the Palaeozoic Bokkeveld Group shale deposits of the Cape Supergroup (South Africa). Six of these samples were processed into powder by direct grinding onto a coarse sandstone surface, and the remaining six by way of the technique employed by Ovahimba women (Table 1) .
Ultraviolet irradiation
The assessment of the efficiency of a sunscreen is based on the value of its sun protection factor (SPF), which reflects the degree of protection against UVR-induced erythema. SPF values most generally denote the efficiency of a sunscreen to protect the skin from UVB. A sunscreen with an SPF of 2 filters out 50% of UVB, an SPF of 15 filters out 93% UVB and an SPF of 50 filters out 98% UVB. 4, 49 Theoretically, the application of a product with an SPF of 5 provides sun protection for five times longer than unprotected skin.
The UVR protection capacities (SPF values) of ochre samples were established by means of a series of in vitro experiments performed on ochre samples in dry powder form. The experiments were carried out at the Photobiology Laboratory (Department of Pharmacy, Medunsa Campus) of the University of Limpopo, South Africa. 50 A calibrated multiport solar simulator (Solar Light Co., Glenside, PA, USA) was used as the UV irradiation source. In accordance with the SANS 1557/ISO 24444 SPF testing protocol, ochre powder samples were applied to Transpore ® tape at a ratio of 2 mg/cm 2 and analysed in compliance with the SANS 1557:1992 procedure. Although Ovahimba women typically apply 4.2 mg otjise per cm 2 , it was decided to adhere to the standard 2 mg/cm² ratio to acquire comparable SPF values. Actual SPF values are therefore likely to be significantly higher than the results reported here. Critical wavelength was determined using the Optometrics SPF 290 method. The critical wavelength is that below which 90% of the UV protection is situated and the higher the critical wavelength, the higher the UVA protection ranges of the products.
Visible spectroscopy
It has been shown that clays exhibiting high UVR protection rates and low UVR-transmission values are most generally red. 51 To determine whether colour does in fact play a role in the UVR reflectance and absorption capabilities of ochre, visible spectroscopy was employed to obtain L*a*b* values for each sample. An Avantes AvaSpec 2048 spectrometer (Avantes Inc., Broomfield, CO, USA) equipped with a 2048-pixel charge-coupled device detector, and set to operate in the retrodiffusion mode, was used for this purpose. This instrument is fitted with an optical fibre probe which is positioned 2 mm from the sample surface at an angle of 2°. An AvaLight-HAL illumination source (Avantes Inc., Broomfield, CO, USA) was used. The equipment was calibrated with a Halon D65 white reference sample in the same lighting conditions as for the archaeological samples. The colour parameters were obtained by Avasoft 7.5 software.
Results
Sun protection factor assessment
The in vitro SPF values of experimental ochre samples ranged from 1.9 (±0.1) to 13.1 (±1.3). The yellow (13 and 19) and grey (14 and 20) samples had the lowest in vitro SPF values, and the red samples the highest. When compared by processing method, samples processed by Ovahimba women had the highest mean SPF (8.9±1.2), those experimentally ground directly onto a grindstone had a mean SPF of 6.2±2.4 and those ground using the method employed by Ovahimba women had a mean SPF of 3.4±0.8. When comparisons were made of the direct grinding method (onto a coarse stone surface) and the simulated traditional grinding method (that employed by the Ovahimba), the former produced in vitro SPF values of the order of 0.5 to 4.0 units higher than the latter. The critical wavelengths of the samples are comparable, falling within the range of 387.7-390.0 nm. In contrast to the increase in SPF produced by the direct grinding method when compared with the simulated traditional method, the critical wavelengths are marginally lower (± 1 nm) in the directly ground samples (Table 2) . 
Colourimetry
As calculated from the L*a*b* coordinates (ΔE), Ovahimba ochre samples exhibit negligible differences in colour (Table 3 ). The colour distance between samples falls below 5 ΔE, the limit above which a colour difference is significantly perceived by humans. Ovahimba samples display the same range of hue and chroma (similar a* and b* values) as the other red ochre samples. Only lightness (L*) values are dissimilar, with Ovahimba red ochres being darker. Hues are not markedly different, with the ratios of a* to b* being relatively constant, but the brightness of Ovahimba samples is less pronounced (Table 3) . Whereas red experimental samples display a mean SPF value of 6.9 and a UVAPF value of 6.3, non-red samples exhibit mean SPF and UVAPF values of 4.5. Given that the red ochre samples from Okamanga, Ovinjange and Opuwo exhibit higher in vitro SPF values than those derived from the Bokkeveld shales, it is likely that higher Fe 2 O 3 contents correlate with increased in vitro SPF values. However, it is not only elemental composition that determines the colour of ochre. 52 Mineralogical and elemental composition and structural morphology, including grain size and crystallography, also influence colourimetric properties. 17 It has been demonstrated that different ochre processing techniques result in differences in pigment powder consistency and colour 48 -an observation confirmed in this study. Powder extracted by direct grinding presents higher chroma (a* and b* values) than powder obtained by conventional grinding. Noticeable differences in colour resulting from different processing techniques are exhibited by the Napier 15 sample (ground directly onto a coarse quartzite slab as evidenced by examples from MSA and LSA contexts) and Napier 21 sample (ground between an upper and lower grindstone as done by the Ovahimba) and the Napier 16 (direct) and 22 (conventional) samples. With the exception of samples 16 and 18, SPF values increase significantly when L* is lower than 45 (Figure 3a) . However, L* remains stable while SPF values increase. SPF values also increase when a* is higher than 25, although a* remains stable when SPF values increase (Figure 3b) . 
Discussion
Hypotheses abound for human variation in skin pigmentation, with most models focusing on human depigmentation and not on the state of pigmentation of our hominin ancestors. 16 The epidermis of most primates is unpigmented because of the absence of melanocytes, suggesting that this is the primitive condition for primates. Darker skin tones conceivably emerged as a characteristic trait of H. erectus ca 1000 ka, possibly because a darker complexion provided superior protection against UVR for increasingly hairless hominins. As Homo left the African tropics, lighter skin pigmentation evolved to facilitate the synthesis of vitamin D. 53 This cline of depigmentation is evident along the southeastern edge of southern Africa, where adequate vitamin D production can occur throughout most, but not all, months of the year. In this region, the mean daily minimum erythemal dose is not sufficient to produce vitamin D in darker (V and VI) skin types. Reduced UVR exposure and decreased potential for vitamin D biosynthesis therefore generated positive selection for skin depigmentation.
In addition to the incidence of lighter skin types amongst autochthonous groups along the southern and eastern coastline of South Africa and Mozambique 54 , the preservation of the SLC24A5, TYRP1 and KITLG alleles amongst sub-Saharan populations 20 suggests that these are ancestral southern African mutations. The skin colour of southern African MSA H. sapiens is therefore likely to have resembled the olive-brown 'Capoid' skin type IV (Von Luschan 16 to 21) typical of some indigenous southern African groups. This skin type is characteristic of more than 90% of southern San individuals, 55 has a natural SPF of 3.5, a high tanning capacity and low susceptibility to UVR-induced damage. In terms of avoiding vitamin D deficiencies and the detrimental effects of UVR, and given the positive correlations between adequate UVR exposure and human health, an olive-brown skin tone represents the optimum skin type for inhabitants of southeastern sub-Saharan Africa. It stands to reason that, given the natural SPF of 3.5 for skin type IV, ochre samples exhibiting SPF and UVAPF values of >10 are likely to provide sufficient protection from UVR without generating vitamin D deficiencies. Additional in vivo experimental assessment is required to confirm this notion.
Conclusion
It is possible that the habitual exploitation of ochre during the MSA reflects some form of cultural adaptation to rapidly changing environmental circumstances. The habitual use of red ochre as a sunscreen may have presented an advantage for populations that migrated from higher into lower latitudes. As is the case for the positive impact of technological innovation in enhancing early human subsistence strategies, 40, 56 the topical application of ochre may have served to limit the adverse effects of increasing UVR exposure. While it is difficult to establish a precise scenario for the emergence of such an innovation, one could envision a tentative situation in which the habitual use of red ochre as a sunscreen may have originally arisen locally, and perhaps in response to changing UVR exposure rates produced by alternating orbital climatic cycles, 57 subsequently providing an adaptive advantage for migrating populations. Ochre might therefore have acted as a means by which migrant populations could have traversed and settled within new ecological niches and regions incompatible with their constitutive skin colour.
It is also possible that the intensification in the exploitation of red ochre during the MSA reflects a technologically mediated response to increasingly complex social circumstances, and that this response may have resulted from efforts to satisfy a growing demand for ochre implicated in innovative functional applications. The use of red ochre as an ingredient in novel pigment-based compounds, similar to lithic hafting mastics for which direct evidence exists in MSA contexts, 39, 40 strengthens the perception that the use of red ochre as a sunscreen may also be indicative of the cognitive complexity of MSA H. sapiens. In social terms, the ability to create and maintain durable cooperative relationships during the MSA is illustrated by the relatively extensive geographic distribution of Still Bay and Howieson's Poort sites across southern Africa. 58 This distribution signifies that human groups were integrated into structured social networks similar to those documented for ethnographically known foragers from at least 75 ka. It must, however, be brought to mind that the exploitation of ochre is not limited to H. sapiens and that the capacity to attribute specific meaning to conventional signs is not unique to our species. [30] [31] [32] Moreover, although current evidence concerning ochre exploitation supports proposals for socially complex and emotionally driven prehistoric lifestyles, it does not provide explicit evidence for symbolic thought and behaviour. 59 While suggestions concerning the efficacy of red ochre as a sunscreen are intriguing, the results presented here should be regarded as preliminary. As an initial screening method, in vitro tests provide a reasonable comparison of the relative SPF protection offered by the ochre samples. To obtain confirmation that red ochre does provide a significant degree of protection from UVA and UVB radiation, ongoing research is exploring the sun protection efficacy of ochre by way of in vivo SPF assessment. The effects of chemical and physical characteristics besides colour, including mineralogical and elemental composition and structural morphology, also necessitate further exploration before the efficacy of ochre as a sunscreen for early H. sapiens can be validated. The establishment of analytical baselines for modern pigment-based compounds is expected to enhance current understandings of the applications for which prehistoric mixtures may have been used. Evidence for knowledge concerning the chemical and physical properties of ancient ingredients, and how these may change when mixed together, can add valuable insight into the minds of our ancestors. 60 Future research should endeavour to identify correlations between increased periods of ochre exploitation and known instances of sudden changes in climate. It is conceivable that increases in the amount of ochre may coincide with periods during which amplified rates of UVR may have posed an increased risk to human health.
